Introduction
============

Photosynthetic organisms have evolved a variety of strategies to optimize light absorption and the photochemical and biochemical machinery necessary to process the absorbed photons. One of these adaptations is the capacity for the intracellular positioning of chloroplasts in leaf mesophyll cells (for a recent review, see [@bib53]). The location of the chloroplasts within a given mesophyll cell is to a great extent determined by the species, ambient light environment, and the growth history of the organism ([@bib46]; [@bib51]; [@bib57]). In general, under low light chloroplasts minimize self-shading and move to the intracellular surfaces parallel to the leaf surface. This is referred to as the accumulation reaction or face position and is believed to facilitate photosynthetic light absorption and thus carbon assimilation. When leaves are exposed to higher light intensities, chloroplasts move to the edges of the mesophyll cells, perpendicular to the leaf surface to maximize self-shading and to minimize the excess absorption of photons that could lead to photoinhibition or photo-oxidation. This is referred to as the avoidance reaction or profile position ([@bib24]; [@bib53]). For chloroplast movement, the nature of the ambient light environment is monitored by the mesophyll cell\'s blue light receptors phototropin1 (phot1) and phototropin 2 (phot2). The two photoreceptors, which contain two LOV domains and have serine/threonine kinase activity, have partially redundant functions mediating the accumulation response of chloroplasts, whereas phot2 is solely responsible for the avoidance response (for recent reviews, see [@bib20]; [@bib5]; [@bib6]). Chloroplasts are thought to move along actin cables via a myosin motor ([@bib49]; [@bib53]). It has been shown that chloroplasts are surrounded by a basket of actin filaments that is linked directly or indirectly to larger actin cables ([@bib23]; [@bib49]; [@bib27]). Actin depolymerization agents such as Latrunculin B impede chloroplast movement and disrupt the actin filament basket surrounding the chloroplasts ([@bib23]), providing further evidence for the involvement of actin filaments in movement. Various studies have shown that several myosin inhibitors such as 2,3-butanedione monoxime also adversely affect chloroplast movement in plants ([@bib40]), and myosins of the subclass XI have been co-localized with plastids in species such as maize ([@bib54]), but not yet in *Arabidopsis thaliana* ([@bib43]). How the phototropins communicate information on light intensity to regulate the vectorial activity and speed of the motor is not well understood ([@bib22]). It is only clear that the excitation of the photoreceptors leads to their autophosphorylation ([@bib45]) and a subsequent change in cytoplasmic calcium levels ([@bib50]; [@bib17]). Surprisingly, a recent study by [@bib28] showed no blue-light induced changes in the actin cytoskeleton arrangement in *Arabidopsis* mesophyll cells, while red light led to drastic changes. This suggests that either the chloroplasts are moving on pre-existing cables or the blue light induced changes were too subtle to be picked up with current imaging methods. There is also evidence that red light modulates the blue light response by increasing cytoplasmic motility and alters the light intensity at which chloroplasts switch from an accumulation to an avoidance response ([@bib21]; [@bib9]). A cytoplasmic protein, named CHUP1, with a putative actin-binding domain, has been shown to be crucial for proper chloroplast movement. This protein localizes to the outer chloroplast membrane and is thought to be involved in mediating the interactions of chloroplasts with their cytoskeletal tracks ([@bib38]). Mutant screens have also identified several other proteins essential for proper chloroplast movement such as pmi1 (plastid movement impaired1), pmi2, pmi5, and JAC1 (auxilin-like-J-domain protein), but their exact roles are yet to be determined ([@bib8]; [@bib48]; [@bib29]).

Recent evidence suggested that chloroplast size and number might also influence the ability of leaves to position their chloroplasts effectively ([@bib19]). Chloroplast division is a complicated and highly regulated process that involves the growth of chloroplasts, which are then separated into two equally sized chloroplasts with the help of plastid division (PD) rings (for recent reviews, see [@bib1]; [@bib31], *[@bib32]*). Many of the components involved in chloroplast division have been elucidated using bacterial cell division as a paradigm and by studying chloroplast division mutants such as the *arc* (accumulation and replication of chloroplasts; [@bib41]) mutants. Initially, a Z-ring forms, the positioning of which is mediated by the interplay of MinD (ARC11) and MinE in higher plants ([@bib7]; [@bib18]; [@bib13]). The Z-ring is made up of FtsZ1 and FtsZ2 and forms on the stromal side of the chloroplast ([@bib31], *[@bib32]*). Recent evidence suggests that a protein encoded by the *ARC3* gene is involved in regulating the formation of this stromal Z-ring and directly interacts with FtsZ1. Arc3, which shows similarities to prokaryotic FtsZ and a kinase, also interacts with the MinD and MinE proteins in *Arabidopsis* suggesting its involvement in proper positioning of the Z-ring ([@bib47]; [@bib33]). A DnaJ-like protein, encoded by the *ARC6* gene, spans the inner chloroplast envelope membrane with the N-terminus extending into the chloroplast stroma ([@bib52]) and specifically interacts with FtsZ2. It has been suggested that arc6 connects FtsZ2 to the inner envelope and that FtsZ1 is recruited to the Z-ring through interactions with FtsZ2. The Z-ring allows the recruitment of new proteins to form an inner PD ring, which is followed by the formation of an outer PD ring ([@bib12]; [@bib30]). The composition of these PD rings is still unknown. The stromal PD division ring contracts without a change in thickness, meaning subunits are lost during constriction while the outer PD ring thickens as it contracts ([@bib1]). A cytosolic dynamin-like protein with putative GTPase activity, encoded by the *ARC5* gene, is localized to the outer PD ring and is involved in facilitating the separation of the daughter plastids ([@bib15]). Recently, two interacting partners of arc5, namely pdv1 and pdv2, were identified and shown to be important in recruiting arc5 to the plastid division site ([@bib36]). The loss-of-function or change in ratio of any of these chloroplast division proteins results in abnormal numbers, sizes, and shapes of the chloroplasts.

The goal of the investigation was to attempt to confirm and extend the study done by [@bib19] who investigated a tobacco mutant with one to three large chloroplasts per mesophyll cell (*NtFtsZ1-2*) and showed compromised chloroplast movements accompanied by a greater susceptibility to photoinhibitory damage. The aim was to determine the effects of chloroplast size and number on movement and stress tolerance using 13 chloroplast division mutants in *Arabidopsis thaliana* ranging in chloroplast numbers from two to 120. Also the ability of leaves to move their chloroplasts was tested under a wide range of blue light intensities, rather than simply two extreme intensities, in an effort to gain insights into the ability of the leaves to fine-tune their chloroplast positions. It is reported here that, with increasing chloroplast numbers, the leaves were able to reach more extreme accumulation and avoidance positions and could fine-tune their positions in response to small changes in light intensities. While a reduction to two chloroplasts per mesophyll cell had the most severe effects, a reduction to 18 already adversely affected the ability of chloroplasts to exhibit accumulation responses. When cells contain nine or fewer chloroplasts, the speed of chloroplast movement was seriously impacted in addition to an impairment of the degree of the avoidance reaction. The inability to move out of the light quickly and to achieve low light transmission levels seems to contribute to a higher susceptibility of these leaves to high light stress.

Materials and methods
=====================

Plant materials and growth conditions
-------------------------------------

*Arabidopsis thaliana* plants were grown under controlled chamber conditions for 3--4 weeks under a cycle of 8 h light (170 μmol photons m^−2^ s^−1^) and 16 h dark. The day/night temperatures were 23/20 °C. The plants were fertilized weekly with all-purpose fertilizer (Peters 20--20--20). The wild type (WT) and *arc* mutants (accumulation and replication of chloroplasts) of the three ecotypes \[Columbia (Col), Landsberg *erecta* (L*er*), and Wassilewskija (Ws)\] were obtained from the Arabidopsis Biological Resource Center ([www.arabidopsis.org](http://www.arabidopsis.org)). The phototropin mutants were a gift from Winslow Briggs (Carnegie Institute, Stanford University, Pasadena, CA, USA). The *arc6-4* (2) mutant was detected in a chloroplast movement screen of EMS-induced M2 Columbia populations of *Arabidopsis thaliana* (Lehle Seeds, Tucson, AZ, USA).

PCR amplification and sequencing
--------------------------------

DNA isolation and PCR amplification was done using the REDExtract-N-Amp Plant PCR Kit (Sigma-Aldrich, St Louis, MO, USA). The following primers were used to amplify the upper and lower strands of the *arc-6* gene: forward primer, 5′-GTGGCGACTGTAACATCATA-3′, reverse primer, 5′-AGAACCCTGAACTACCTCCA-3'; forward primer, 5′-GGGCTTAGACAGTGAGGATT-3′, reverse primer, 5′-GTTCTGCTTGTACCTGATTG-3′. The PCR products were purified using a MinElute PCR Purification Kit (Qiagen, Valencia, CA, USA) and then sequenced using the BigDye v3.1 terminator protocol (Applied Biosystems, Foster City, CA, USA) in an ABI3100 capillary sequencer. The primers used for sequencing the upper DNA strand were: 5′-TAGAAGAGAGTACAATGAAGGT-3′, 5′-GTGAGAAGTTTATGAATGAGG-3′, 5′-AAGGAGGCAAGTGTGAAGAT-3′, and 5′-CCTTGTTTGATTCTGTTATTT-3′. The primers used for sequencing the lower DNA strand were: 5′-ATCAACCTACCACACAACAT-3′, 5′-CTCAGTCTCACCACCTTCTT-3′, 5′-AAATAACAGAATCAAACAAGG-3′, and 5′-GAACAGTGAAATCAGTCCAA-3′. Sequences were compiled, edited, and aligned in Sequencher v. 4.5 (GeneCodes Corporation, Ann Arbor, MI, USA).

Chloroplast movement
--------------------

Chloroplast movement was analysed by monitoring light transmission through *Arabidopsis thaliana* leaves ([@bib4]). Blue light-dependent changes in the percentage leaf transmittance in overnight dark-adapted leaves were recorded during a 19 h run. Dark-adapted leaves were placed in a leaf clip and for the first 4 h the transmission was measured in the dark. The leaves were then exposed to 0.1 μmol photons m^−2^ s^−1^ for 3 h. After that the blue intensity was increased every hour (7--8 h, 0.2 μmol photons m^−2^ s^−1^; 8--9 h, 0.4 μmol photons m^−2^ s^−1^; 9--10 h, 0.8 μmol photons m^−2^ s^−1^; 10--11 h, 1.6 μmol photons m^−2^ s^−1^; 11--12 h, 5 μmol photons m^−2^ s^−1^; 12--13 h, 10 μmol photons m^−2^ s^−1^; 13--14 h, 30 μmol photons m^−2^ s^−1^; 14--15 h, 40 μmol photons m^−2^ s^−1^; 15--16 h, 50 μmol photons m^−2^ s^−1^; 16--17 h, 60 μmol photons m^−2^ s^−1^; 17--18 h, 90 μmol photons m^−2^ s^−1^; 18--19 h, 100 μmol photons m^−2^ s^−1^).

For statistical analysis, the leaf percentage transmission data were normalized by calculating the percentage changes in light transmission compared with the dark steady-state level of light transmission. This was done because the percentage transmission after dark adaptation varied due to the different optical properties of each leaf. The percentage change in transmission was negative when the percentage transmission was less than the steady-state dark-adapted value and conversely positive when the transmittance of the leaf was greater than the dark-adapted value. To test whether there were statistically significant differences in the behaviour of the mutants or WT plants one-way ANOVA tests followed by Tukey--Kramer HSD tests were performed (JMP; SAS, Cary, NC, USA).

Light stress
------------

*Arabidopsis thaliana* leaves were exposed to different light intensities in a treatment chamber that was maintained at 10 °C and flushed with humidified air ([@bib25]). The high light stress test consisted of 30 min under low light (0.5 μmol photons m^−2^ s^−1^), 3 h high light (1500 μmol photons m^−2^ s^−1^), followed by 1 h of low light (0.5 μmol photons m^−2^ s^−1^). Yield (photochemical efficiency of photosystem II) was measured as chlorophyll *a* fluorescence with a modulated fluorometer (PAM-2000; Heinz Walz GmbH, Effeltrich, Germany) every 10 min during low light and every hour in high light. The yields of each plant variety at the end of the recovery period were analysed with a one-way ANOVA followed by a Tukey--Kramer HSD test (JMP; SAS).

Results
=======

Chloroplast division mutants investigated include a novel *arc6* mutant
-----------------------------------------------------------------------

The capacity for blue light-dependent chloroplast movement was investigated in the leaf tissue of a series of *Arabidopsis* chloroplast number mutants of three ecotypes \[Columbia (Col), Landsberg *erecta* (L*er*), and Wassilewskija (Ws)\], and in mutants that lack one (*phot1* or *phot2*) or both (*phot1*/*phot2*) of the phototropin receptors. [Table 1](#tbl1){ref-type="table"} summarizes some of the pertinent information on the ecotypes and mutants utilized in the work reported here. These mutants have been well characterized in terms of the number and sizes of their chloroplasts with the mean chloroplast number per mesophyll cell ranging from 2 to 120. Using confocal microscopy of individual cells isolated from leaves of these mutants the numbers and sizes of chloroplasts per cell (data not shown) were confirmed. In the text, average chloroplast number will be noted in brackets following the term wild type (WT) or mutant acronym, i.e. WT (100). Mutants with decreased chloroplast numbers in general compensate by increasing the size of their individual chloroplasts ([@bib42]).

###### 

Background on wild-type (WT) and mutant *Arabidopsis thaliana* plants

  Plant              Ecotype   Chloroplast number/cell   Chloroplast size (μm^2^)   Gene locus   Role of gene product                                                                                             References
  ------------------ --------- ------------------------- -------------------------- ------------ ---------------------------------------------------------------------------------------------------------------- ---------------------
  WT                 Col       100                       50                                                                                                                                                       
  *phot 1*           Col       nd                        nd                         At3g45780    Blue-light receptor that mediates chloroplast movement (accumulation)                                            [@bib6]
  *phot2*            Col       nd                        nd                         At5g58140    Blue-light receptor that mediates chloroplast movement (accumulation and avoidance)                              [@bib6]
  *phot1*/*phot2*    Col       nd                        nd                                      See information above                                                                                            [@bib6]
  *arc6-4*           Col       2                         1000                       At5g42480    DnaJ-like protein localized to the plastid division site; contributes to assembly, stabilization of the Z-ring   Isolated by authors
  WT                 L*er*     120                       50                                                                                                                                                       
  *arc1-1*           L*er*     108                       25                         nd           Accelerates proplastid division; acts independent of arc 3, 5, 6, and 11                                         [@bib34]
  *arc11-1 = MinD*   L*er*     30                        110                        At5g24020    Stromal, Ca^2+^-dependent ATPase required for correct positioning of chloroplast division apparatus              [@bib13]
  *arc3-1*           L*er*     18                        200--300                   At1g75010    Stromal protein with FtsZ-like part and kinase; involved in division site placement                              [@bib33]
  *arc5-1*           L*er*     13                        300--900                   At3g19720    Cytosolic dynamin-related protein; facilitates separation of daughter chloroplasts                               [@bib15]
  *arc5-1*/*11-1*    L*er*     12                        160                                     See above                                                                                                        [@bib34]
  *arc6-1*/*1-1*     L*er*     9                         530                                     See above                                                                                                        [@bib34]
  *arc6-1*           L*er*     2                         1000                                    See above                                                                                                        [@bib52]
  WT                 Ws        85                        50                                                                                                                                                       
  *arc7-1*           Ws        80                        40                         nd           Involved in chloroplast development rather than division itself                                                  [@bib44]
  *arc8-1*           Ws        45                        110                        nd           nd                                                                                                               [@bib44]
  *arc10-1*          Ws        38                        170 (mix)                  nd           nd                                                                                                               [@bib44]
  *arc9-1*           Ws        34                        140                        nd           nd                                                                                                               [@bib44]
  *arc6-1*           Ws        2                         1000                                    See above                                                                                                        [@bib52]

Three ecotypes \[Columbia (Col), Landsberg *erecta* (L*er*), and Wassilewskija (Ws)\] were used in this study. The information on chloroplast numbers, sizes, and the affected genes was obtained from [@bib1], TAIR ([www.arabidopsis.org](http://www.arabidopsis.org)), and the references cited. nd = not determined.

One of the mutants studied was discovered in a screen of EMS mutants and sequencing revealed that it was an allelic mutant of *arc6* (from here on designated *arc6-4*; [Fig. 1](#fig1){ref-type="fig"}). *arc6-1*, which was also used in this study, shows a C to T transition at nucleotide 1141 in exon 3, which introduces a premature stop codon, leading to a truncated protein with 324 rather than 801 amino acids ([@bib52]). The mutant, *arc6-4*, shows a point mutation (G to A) at the first base of the donor site of intron 3, which means the intron will be expressed. There is, however, a premature stop codon at nucleotide 1186 within intron 3, resulting in a truncated protein. If a possible alternate splice site at nucleotides 1169--1170 (GT; [@bib2]) were used in pre-mRNA processing, then the resulting frame shift would lead to a premature stop in exon 4 at nucleotides 1247--1249 and thus a truncated protein.

![(A) Comparison of the genomic sequences of wild-type *Arabidopsis thaliana arc6* (WT; gene At5g42480), *arc6-1*, and *arc6-4*. A single point mutation at nucleotide (nt) 1141 (C to T) is present in *arc6-1*, while *arc6-4* has a single point mutation at nt 1162 (G to A) which is the first base in the donor site for the third intron. A putative splice site at nt 1169--1170 (GT) may lead to alternative splicing. The use of upper- and lower-case lettering for the nucleotides denotes exon and intron regions, respectively. (B) Gene structure. Exons are depicted as black rectangles; ATG and TAA are the translation initiation and termination codons, respectively. The point mutation in *arc6-4* probably prevents excision of the intron and allows for its translation, which if the alternative splice site is not recognized, will lead to a truncated protein product due to a stop codon (TAA) at nt 1186--1188.](jexbotern099f01_lw){#fig1}

Chloroplast number and its effects on chloroplast movement and ability to adjust to different light intensities
---------------------------------------------------------------------------------------------------------------

Chloroplast movement can be studied using microscopy or indirectly by measuring changes in light transmission which have been shown to reflect changes in chloroplast positioning (for example, [@bib19]; [@bib4]). The latter method was chosen because it allowed a quantitative investigation of a large number of mutants at 13 different light intensities each, a task that would have been impossible using light microscopy. Changes in leaf transmission to red light were monitored after exposure to blue light intensities ranging from 0.1 to 100 μmol photons m^−2^ s^−1^ ([@bib4]). When leaves were exposed to low light, the chloroplasts accumulated at the perpendicular surface leading to a decrease in the percentage transmission relative to the dark values, while high light led to an increase in percentage transmission as chloroplasts clustered at the cell edges. Pooling all data for the three ecotypes and chloroplast number mutants revealed that there was a significant negative relationship between chloroplast number and the percentage transmission at low light relative to the dark, meaning the larger the number of chloroplasts per mesophyll cell the more efficient the leaves were at absorbing the incoming low light (0.1 μmol photons m^−2^ s^−1^, [Fig. 2A](#fig2){ref-type="fig"}). There was a significant positive relationship between chloroplast number and percentage transmission at high light (100 μmol photons m^−2^ s^−1^, [Fig. 2B](#fig2){ref-type="fig"}), indicating that with increasing chloroplast number the leaves were better at avoiding high light. In fact, at any of the blue light intensities up to 10 μmol photons m^−2^ s^−1^ there was a significant negative relationship between chloroplast number and percentage transmission, while at light intensities above 30 μmol photons m^−2^ s^−1^ there was a significant positive relationship (data not shown).

![The percentage transmission at the end of a given light exposure (A, accumulation at 0.1 μmol photons m^−2^ s^−1^; B, avoidance at 100 μmol photons m^−2^ s^−1^) relative to the value at the end of the 4 h dark treatment (*y*) was plotted against chloroplast number per mesophyll cell (*x*). All data for wild-type and mutant plants of ecotypes Columbia, Landsberg *erecta*, and Wassilewskija (see [Table 1](#tbl1){ref-type="table"}) were included except those for *phot1*, *phot2*, and the *phot1*/*phot2* double mutant. Regression lines were fitted through the data (accumulation: *y*=--5.98--0.58*x*; avoidance: *y*=15.36 + 0.093*x*). All regressions were highly significant (*P* \< 0.0001).](jexbotern099f02_ht){#fig2}

When examining the chloroplast movement behaviour of WT *A. thaliana* Col (100), Ws (85), and L*er* (120) leaves, it became obvious that they exhibited a similar pattern of leaf transmission changes in response to blue light ([Figs 3A, 4A, 5A](#fig3 fig4 fig5){ref-type="fig"}). The accumulation and avoidance reactions were kinetically similar and the transition from accumulation to avoidance occurred at approximately the same light intensity (between 10 and 30 μmol photons m^−2^ s^−1^) in all ecotypes. The light intensities required for saturation were also quite similar (90--100 μmol photons m^−2^ s^−1^). However, WT L*er* (120) showed a significantly stronger accumulation response than WT Col (100) and WT Ws (85), while WT Col showed a stronger avoidance response than the two other WT ecotypes ([Tables 2](#tbl2){ref-type="table"}, [3](#tbl3){ref-type="table"}), based on the percentage transmission relative to dark reached after exposure to 0.1 or 100 μmol photons m^−2^ s^−1^. It was, therefore, decided to analyse WT and mutant behaviour separately for the different ecotypes.

###### 

Chloroplast accumulation response as measured by leaf light transmission

                          Tukey level   \% Transmission (means±SD)
  ----------------------- ------------- ----------------------------
  Wild-type ecotypes                    
  Ws (85)                 A             --8.5±2.2
  Col (100)               B             --11.7±2.3
  L*er* (120)             C             --13.2±2.8
  Ecotype Col                           
  *phot1*/*phot2*         A             1.0±0.6
  *arc6-4* (2)            B             --3.8±1.3
  *phot1*                 B             --4.4±1.5
  Wild type (100)         C             --11.7±2.3
  *phot2*                 D             --16.2±2.4
  Ecotype L*er*                         
  *arc6-1* (2)            A             --2.1±0.9
  *arc6-1*/*1--1* (9)     A             --4.0±1.4
  *arc5-1*/*11--1* (12)   B             --8.5±1.8
  *arc5-1* (13)           BC            --9.3±1.5
  *arc3-1* (18)           CD            --10.9±2.7
  *arc1-1* (108)          DE            --12.2±3.5
  *arc11-1* (30)          DE            --12.7±3.4
  Wild type (120)         E             --13.2±2.8
  Ecotype Ws                            
  *arc6-1* (2)            A             --3.3±0.7
  *arc8-1* (45)           B             --8.1±1.7
  Wild type (85)          B             --8.5±2.2
  *arc10-1* (38)          B             --8.9±2.4
  *arc9-1* (34)           B             --8.9±2.3
  *arc7-1* (80)           B             --9.0±2.2

*Arabidopsis thaliana* \[ecotypes Columbia (Col), Landsberg erecta (Ler), Wassilewskija (Ws)\] wild-type and mutant plants were dark-adapted overnight. Mature leaves were then harvested and placed in a device measuring the light transmission of the leaves at increasingly high blue light intensities for a total of 19 h. The values below represent the percentage changes in transmission at the end of the 3 h exposure to 0.1 μmol photons m^−2^ s^−1^ relative to the values at the end of the dark period (accumulation response). The numbers in brackets after the plant types represent the average chloroplast numbers per mesophyll cell. One-way ANOVA for Col: *F*=350.9, df = 4,128, *P* \< 0.0001; for L*er F*=72.6; df = 7,191, *P* \< 0.0001; for Ws: *F*=29.3, df = 5,132, *P* \< 0.0001. Groups not connected by the same letter are significantly different (Tukey--Kramer HSD).

###### 

Chloroplast avoidance response as measured by leaf light transmission

                          Tukey level   \% Transmission (means±SD)
  ----------------------- ------------- ----------------------------
  Wild-type ecotypes                    
  Col (100)               A             27.4±7.6
  L*er* (120)             B             22.6±4.8
  Ws (85)                 B             21.0±4.4
  Ecotype Col                           
  Wild type (100)         A             27.4±7.6
  *phot1*                 A             24.5±4.9
  *arc6-4* (2)            B             11.9±4.1
  *phot1*/*phot2*         C             --5.0±1.6
  *phot2*                 D             --18.2±2.7
  Ecotype L*er*                         
  *arc1-1* (108)          A             24.5±5.3
  *arc5-1*/*11--1* (12)   A             24.3±5.9
  *arc11-1* (30)          A             23.5±6.8
  Wild type (120)         AB            22.6±4.8
  *arc5-1* (13)           AB            20.1±5.7
  *arc3-1* (18)           B             18.2±4.8
  *arc6-1*/*1--1* (9)     C             12.0±4.4
  *arc6-1* (2)            C             11.1±3.5
  Ecotype Ws                            
  *arc9-1* (34)           A             23.2±3.9
  *arc7-1* (80)           AB            22.3±5.8
  Wild type (85)          ABC           21.0±7.6
  *arc10-1* (38)          BC            18.5±5.1
  *arc8-1* (45)           C             17.8±4.9
  *arc6-1* (2)            D             10.8±3.9

*Arabidopsis thaliana* \[ecotypes Columbia (Col), Landsberg *erecta* (L*er*), Wassilewskija (Ws)\] wild-type and mutant plants were dark adapted overnight. Mature leaves were then harvested and placed in a device measuring the light transmission of the leaves at increasingly high blue light intensities for a total of 19 h. The values below represent the percentage changes in transmission at the end of the 1 h exposure to 100 μmol photon m^−2^ s^−1^ relative to the values at the end of the dark period (avoidance response). The numbers in brackets after the plant types represent the average chloroplast numbers per mesophyll cell. One-way ANOVA for Col: *F*=372.9, df = 4128, *P* \< 0.0001; for Ler: *F*=28.7; df = 7,191, *P* \< 0.0001; for Ws: *F*=24.1, df = 5,132, *P* \< 0.0001. Groups not connected by the same letter are significantly different (Tukey--Kramer HSD).

![The percentage transmission of *Arabidopsis thaliana* leaves (ecotype Columbia). Each graph is a representative trace for the respective plant types. Plants were dark-adapted overnight. Mature leaves were then harvested and placed in a device measuring the light transmission of the leaves at increasingly high blue light intensities for a total of 19 h (1--4 h, dark; 4--7 h, 0.1 μmol photons m^−2^ s^−1^; 7--8 h, 0.2 μmol photons m^−2^ s^−1^; 8--9 h, 0.4 μmol photons m^−2^ s^−1^; 9--10 h, 0.8 μmol photons m^−2^ s^−1^; 10--11 h, 1.6 μmol photons m^−2^ s^−1^; 11--12 h, 5 μmol photons m^−2^ s^−1^; 12--13 h, 10 μmol photons m^−2^ s^−1^; 13--14 h, 30 μmol photons m^−2^ s^−1^; 14--15 h, 40 μmol photons m^−2^ s^−1^; 15--16 h, 50 μmol photons m^−2^ s^−1^; 16--17 h, 60 μmol photons m^−2^ s^−1^; 17--18 h, 90 μmol photons m^−2^ s^−1^; 18--19 h, 100 μmol photons m^−2^ s^−1^).](jexbotern099f03_lw){#fig3}

![The percentage transmission of *Arabidopsis thaliana* leaves (ecotype Landsberg *erecta*). Each graph is a representative trace for the respective plant types. Plants were dark-adapted overnight. Mature leaves were then harvested and placed in a device measuring the light transmission of the leaves at increasingly high blue light intensities for a total of 19 h (1--4 h, dark; 4--7 h, 0.1 μmol photons m^−2^ s^−1^; 7--8 h, 0.2 μmol photons m^−2^ s^−1^; 8--9 h, 0.4 μmol photons m^−2^ s^−1^; 9--10 h, 0.8 μmol photons m^−2^ s^−1^; 10--11 h, 1.6 μmol photons m^−2^ s^−1^; 11--12 h, 5 μmol photons m^−2^ s^−1^; 12--13 h, 10 μmol photons m^−2^ s^−1^; 13--14 h, 30 μmol photons m^−2^ s^−1^; 14--15 h, 40 μmol photons m^−2^ s^−1^; 15--16 h, 50 μmol photons m^−2^ s^−1^; 16--17 h, 60 μmol photons m^−2^ s^−1^; 17--18 h, 90 μmol photons m^−2^ s^−1^; 18--19 h, 100 μmol photons m^−2^ s^−1^).](jexbotern099f04_lw){#fig4}

![The percentage transmission of *Arabidopsis thaliana* leaves (ecotype Wassilewskija). Each graph is a representative trace for the respective plant types. Plants were dark-adapted overnight. Mature leaves were then harvested and placed in a device measuring the light transmission of the leaves at increasingly high blue light intensities for a total of 19 h (1--4 h, dark; 4--7 h, 0.1 μmol photons m^−2^ s^−1^; 7--8 h, 0.2 μmol photons m^−2^ s^−1^; 8--9 h, 0.4 μmol photons m^−2^ s^−1^; 9--10 h, 0.8 μmol photons m^−2^ s^−1^; 10--11 h, 1.6 μmol photons m^−2^ s^−1^; 11--12 h, 5 μmol photons m^−2^ s^−1^; 12--13 h, 10 μmol photons m^−2^ s^−1^; 13--14 h, 30 μmol photons m^−2^ s^−1^; 14--15 h, 40 μmol photons m^−2^ s^−1^; 15--16 h, 50 μmol photons m^−2^ s^−1^; 16--17 h, 60 μmol photons m^−2^ s^−1^; 17--18 h, 90 μmol photons m^−2^ s^−1^; 18--19 h, 100 μmol photons m^−2^ s^−1^).](jexbotern099f05_lw){#fig5}

For the ecotype Col, the *phot1*/*phot2* or *phot1* mutant showed significantly reduced accumulation response when compared with WT, while *phot2* exhibited a significantly stronger accumulation response ([Fig. 3A--D](#fig3){ref-type="fig"}; [Table 2](#tbl2){ref-type="table"}). WT (100) showed an avoidance response similar to *phot1*, while *phot1*/*phot2* and *phot2* exhibited seriously impaired avoidance responses ([Table 3](#tbl3){ref-type="table"}). The *arc6-4* (2) mutant showed significant and severe reductions in both accumulation and avoidance reactions ([Fig. 3E](#fig3){ref-type="fig"}; [Tables 2](#tbl2){ref-type="table"}, [3](#tbl3){ref-type="table"}); however, the leaves with these two large chloroplasts were capable of significantly stronger chloroplast movements than the *phot1*/*phot2* double mutant. The *arc6-4* (2) mutant could not reach very distinctly different light transmission levels in response to increases in high blue light and the movements occurred at slow speed. Interestingly, all three *arc6* mutants tested behaved similarly despite coming from different ecotype backgrounds.

Experiments with Landsberg *erecta* (L*er*) chloroplast number mutants revealed that all mutants with 18 or fewer chloroplasts \[*arc3-1* (18), *arc5-1* (13), *arc5-1*/*1--1* (12), *arc6-1*/*1--1* (9), *arc6-1* (2)\] showed a significantly reduced ability to accumulate their chloroplasts in response to low light when compared with WT ([Fig. 4A, D](#fig4){ref-type="fig"}--H; [Table 2](#tbl2){ref-type="table"}). In general, the lower the number of chloroplasts the lower the accumulation response. The other mutants with higher chloroplast numbers \[*arc1-1* (108), *arc11-1* (30)\] were indistinguishable in their accumulation response ([Fig. 4B--C](#fig4){ref-type="fig"}; [Table 2](#tbl2){ref-type="table"}) from WT (120). The avoidance response of WT (120) was indistinguishable from that of mutants ranging in chloroplast number from 18 to 108, but significantly higher than in those mutants with nine or fewer chloroplasts (*arc6-1*/*1-1* (9), *arc6-1* (2); [Fig. 4G, H](#fig4){ref-type="fig"}; [Table 3](#tbl3){ref-type="table"}). In terms of the kinetics it was clear that especially *arc6-1*/*1-1* (9) and *arc6-1* (2) showed slower kinetics ([Fig. 4G--H](#fig4){ref-type="fig"}), meaning it took longer for the leaves to reach a steady-state level of transmission and again not many distinct levels of transmission were achieved.

Among the Wassilewskija ecotype (Ws) mutants ([Fig. 5](#fig5){ref-type="fig"}), only *arc6-1* (2) showed significant impairment in accumulation and avoidance when compared with the WT (85). The other chloroplast number mutants that ranged in chloroplast number from 34 to 80 were indistinguishable from WT ([Tables 2](#tbl2){ref-type="table"}, [3](#tbl3){ref-type="table"}) with regard to their leaf transmission values.

Chloroplast number and high light stress
----------------------------------------

In addition to the chloroplast movement studies, the chloroplast number mutants of the three *A. thaliana* ecotypes were also used to investigate the effects of chloroplast number/movement on high light stress tolerance ([Fig. 6](#fig6){ref-type="fig"}; [Table 4](#tbl4){ref-type="table"}). Leaves were exposed to low light (5 μmol photons m^−2^ s^−1^) for 30 min, followed by 3 h of high light (1500 μmol photons m^−2^ s^−1^), followed by a 1-h-long recovery period at low light (5 μmol photons m^−2^ s^−1^). In general, all plants responded similarly to the treatments. The yields (PSII photochemical efficiency) were around 0.8 for all leaves at the beginning of the treatment and then rapidly dropped to very low values (\<0.1) that were sustained throughout the high light-treatment period. When returned to low light, a two-phased recovery in yield was observed, a rapid increase followed by a continued slow recovery in some cases. Again, the data for the three ecotypes were kept separately. The final level of recovery from the high light treatment was the same for WT Col (100) and *phot1* and *phot2* mutants, while *phot1*/*phot2* and *arc6-4* (2) were significantly less capable of recovering their photochemical efficiency. For ecotypes L*er* and Ws all chloroplast number mutants recovered to the same degree as their respective WT plants with the exceptions of the *arc6* (2) and *arc6-1*/*1--1* (9) mutants.

###### 

Recovery from high light stress as determined by chlorophyll a fluorescence

                          Tukey level   \% Recovery (means±SD)
  ----------------------- ------------- ------------------------
  Ecotype Col                           
  Wild type (100)         A             37.0±4.2
  *phot2*                 A             35.4±13.2
  *phot1*                 AB            34.7±9.3
  *phot1*/*phot2*         BC            25.5±6.7
  *arc6-4 (*2)            C             20.6±5.8
  Ecotype L*er*                         
  *arc5-1*/*11--1* (12)   A             47.7±4.6
  *arc3-1* (18)           A             45.0±9.9
  wild type (120)         A             44.1±6.4
  *arc5-1* (13)           A             42.5±5.5
  *arc1-1* (108)          AB            41.4±3.5
  *arc11-1* (30)          AB            40.9±8.0
  *arc6-1* (2)            AB            37.4±7.7
  *arc6-1*/*1--1* (9)     B             32.8±12.9
  Ecotype Ws                            
  *arc9-1* (34)           A             36.2±3.8
  Wild type (85)          A             34.6±4.4
  *arc10-1* (38)          A             34.5±6.2
  *arc7-1* (80)           A             32.2±7.8
  *arc8-1* (45)           A             31.3±7.8
  *arc6-1* (2)            B             17.5±4.7

*Arabidopsis thaliana* leaves from wild-type and mutant plants (ecotypes Columbia, Landsberg *erecta*, and Wassilewskija) were exposed for 30 min to low light (5 μmol photons m^−2^ s^−1^), followed by 180 min of high light (1500 μmol photons m^−2^ s^−1^), followed by 60 min of recovery at low light (5 μmol photons m^−2^ s^−1^). The temperature was kept at 10 °C throughout the entire experiment. The yield (photochemical efficiency of photosystem II) was measured at 10 min intervals throughout the low light periods, and at 30 min intervals throughout the high light period (*n*=12--16). The values for percentage recovery were calculated using the yield values just before the start of the 180 min high light stress treatment and those at the end of the 60 min recovery at low light. The numbers in brackets after the plant types represent the average chloroplast number per mesophyll cell. One-way ANOVA for Col: *F*=8.3, df = 4,63, *P* \< 0.0001; for L*er*: *F*=4.6; df = 7,92, *P*=0.0002; for Ws: *F*=15.8, df = 5,66, *P* \< 0.0001. Groups not connected by the same letter are significantly different (Tukey--Kramer HSD).

![*Arabidopsis thaliana* leaves from mature wild-type or mutant plants were exposed for 30 min to low light (5 μmol photons m^−2^ s^−1^), followed by 180 min of high light (1500 μmol photons m^−2^ s^−1^), followed by 60 min of recovery at low light (5 μmol photons m^−2^ s^−1^). The temperature was kept at 10 °C throughout the experiment. The yield (photochemical efficiency of photosystem II) was measured at 10 min intervals throughout the low light periods, and at 30 min intervals throughout the high light period (*n*=12--16).](jexbotern099f06_lw){#fig6}

Discussion
==========

Effect of chloroplast number and size on chloroplast movement and ability to fine-tune light absorption
-------------------------------------------------------------------------------------------------------

In 1998, McCain hypothesized that chloroplast movement could be impeded by the dense packing or 'crowding' of the chloroplasts in the cytoplasm based on a NMR study on *Acer* leaves that were water-stressed to different degrees ([@bib35]). However, when a wide variety of *Arabidopsis* mutants ranging in chloroplast number per mesophyll cell from two to 120 was investigated, no evidence that large numbers of chloroplasts impeded movement was seen, as judged either by the total transmission changes achieved or by the rates of change. Quite the opposite, with increasing chloroplast numbers, leaves displayed both stronger accumulation and avoidance responses, and showed faster changes in percentage transmission. Maybe if the chloroplast numbers were increased past WT levels a reversal of this trend would be observed, since an increase in chloroplast number in the *arc* mutants is accompanied by a decrease in chloroplast size, leaving the chloroplast volume at comparable levels ([@bib42]).

Looking at the levels of accumulation and avoidance in more detail, it became clear that the final levels of transmission that were achieved after at least 1 h of exposure to low or high light were indistinguishable from WT for plants with chloroplast numbers ranging from 120 to 30 for the accumulation response, and 120 to 12 for the avoidance response. It is remarkable that cells can compensate for a decrease in chloroplast numbers and an increase in chloroplast size to such a remarkable degree and still achieve 'normal' chloroplast movement. How this is possible is not clear. However, this is not surprising given that knowledge of 'normal' chloroplast movement is scant. For example, it is still not known if chloroplasts move on pre-existing or newly formed actin cables, and if myosins are really the motor molecules that provide the force for the movement ([@bib53]). Only after these fundamental questions have been answered for WT plants will it become possible to address how larger chloroplasts are moved. For example, is there simply a proportional increase in the number of motor molecules per chloroplast with increasing organelle size that allows for comparable movements? Why is it not possible to move chloroplasts effectively after a certain size is reached?

When chloroplast numbers per mesophyll cell were reduced to or below 18 and 9, respectively, accumulation and avoidance reactions were severely inhibited in terms of the final steady-state levels of leaf transmission. Interestingly, very small differences in chloroplast numbers had substantial effects. For example, there were significant differences in accumulation responses in plants with 9 versus 12 versus 18 chloroplasts. This indicates that plants can compensate for reductions in chloroplast numbers relatively well up to some point, but then every small decrease in chloroplast number and thus increase in chloroplast size significantly alters how well these plastids can move. The present data support previous research in transgenic tobacco leaves that had shown that tobacco leaves with one to three large chloroplasts per mesophyll (*NtFtsZ1-2*) exhibited an impaired ability to move their chloroplasts ([@bib19]). However, the present results also clearly show that, in *Arabidopsis* leaves, even less extreme reductions in chloroplast numbers can have drastic effects on chloroplast movement. Interestingly, the avoidance response was impacted at lower chloroplast numbers (nine or less) than the accumulation response (18 or less). The reasons for these different sensitivities are not as yet clear but many investigations have shown that accumulation and avoidance responses show distinct characteristics. For example, avoidance movements are faster than accumulation responses (e.g. [Fig. 3](#fig3){ref-type="fig"}), and signals inducing accumulation responses can be sensed at greater distances and have longer lasting effects than those inducing avoidance reactions ([@bib53]). On a biochemical level, it has been shown that the accumulation and avoidance reactions show differential sensitivities to the phosphoinositide-3-kinase inhibitor wortmannin. Phosphorylated phosphoinositides are important regulators of actin polymerization ([@bib16]). This indicates that the pathways have some essential components that are not shared. Mutant analyses have also shown that while certain proteins such as CHUP and pmi1 are essential for both accumulation and avoidance responses ([@bib38]; [@bib8]), pmi2 and pmi5 are only involved in the avoidance response ([@bib29]) and JAC1 only in the accumulation response ([@bib48]). It will be interesting to see which roles these proteins play and how they may act differently in plants with different chloroplast numbers and sizes.

It was also interesting to see in the present study that having more, smaller chloroplasts allowed leaves to optimize and fine-tune their light absorption according to need. This seems particularly important given that field measurements have shown that chloroplasts are in motion most of the time due to the ever-changing light intensities in most environments ([@bib57]). When the ability to move chloroplasts quickly is impaired in mutant *Arabidopsis* plants with reduced chloroplast numbers, the consequences can be severe. Under the ideal growth conditions, the plants showed fairly normal growth because they compensated for their reduced chloroplast numbers with an increase in chloroplast size ([@bib42]). However, the mutants with severely reduced chloroplast numbers exhibited reduced leaf areas, impaired photosynthetic capacities, and an inability to adapt to higher growth light conditions ([@bib3]). Impaired chloroplast movement accompanied by an inability to adjust and fine-tune leaf transmission levels as documented in the present study may in part explain these findings.

Effect of chloroplast number on tolerance to high light stress
--------------------------------------------------------------

The few studies that have investigated the relationship between the capacity for chloroplast movement and the sensitivity to high light stress (photoinhibition) have shown chloroplast movement to be an important mechanism of photoprotection ([@bib39]). For example, [@bib24] tested the effects of continuous high light (1400 μmol photons m^−2^ s^−1^) on *phot2* plants, which lacked the ability to exhibit a high light-avoidance response. The *phot2* plants were severely photobleached and necrotic within 22 h, while WT Col tolerated the stress treatment for 31 h. Tobacco plants (*NtFtsZ1-2*) with compromised chloroplast movement due to severely reduced chloroplasts numbers (one to three) also exhibited an increased sensitivity to photoinhibition ([@bib19]). This is not surprising given that photoinhibition is caused by an imbalance between the amount of light absorbed by chloroplasts and their ability to utilize the light in photosynthesis or dissipate it safely in the form of heat (for reviews, see [@bib37]; [@bib11]). In general, a positive, linear relationship between the ability of chloroplasts to move out of the high light and the ability to recover from the stress treatment (data not shown) was seen. In particular, those plants with seriously impaired chloroplast movement \[*phot1*/*phot2*, *arc6* (2), *arc6-1*/*1-1* (9)\] exhibited the most extreme photoinhibition. This is probably in part due to increased absorption of light. However, previous work had also shown that *Arabidopsis* plants with severely reduced chloroplast numbers (*arc3*, *arc5*, *arc6*) have reduced photosynthetic rates at high light intensities and highly reduced plastoquinone pools ([@bib3]). This would also contribute to their enhanced sensitivity to light stress.

Under the present treatment conditions of chilling temperatures combined with ∼9-fold higher light intensities than those experienced during growth, there was no difference in stress tolerance between WT and *phot2* despite the fact that the mutant showed significantly impaired chloroplast movement. This is in contrast to previous work that had shown *phot2* to be more prone to photoinhibition than WT plants ([@bib24]). The difference in response could be due to a variety of reasons. For example, the present stress treatments were conducted at 10 °C and it has been shown that the velocity of chloroplast movement is reduced at lower temperatures. However, the same levels of light transmission are eventually achieved at light saturation and the maximum accumulation response is reached at lower light intensities, suggesting that the system is more sensitive to blue light at lower temperatures ([@bib55]*, [@bib56]*; [@bib14]). It is therefore possible that under the conditions of the present stress treatments differences between WT and *phot2* were masked. Another possibility is that the mutants up-regulated other photoprotective mechanisms to compensate for their impaired chloroplast movement abilities. Plants from stressful environments (e.g. those from high light environments) have been shown to increase their ability to dissipate excess light as heat via the pigments of the xanthophyll cycle ([@bib26]; [@bib10]). As far as is known, no information exists about the pigment composition of any of the *phot* mutants. However, *phot2* plants grown at 100 μmol photons m^−2^ s^−1^ exhibited similar degrees of non-photochemical quenching (an indicator of heat dissipation via the xanthophyll-cycle pigments) as WT plants ([@bib24]). The plants in the present study were grown at higher light intensities and thus it is possible that they up-regulated the amount of xanthophyll-cycle pigments. It has been shown that *phot2* has comparable oxygen radical scavenging systems as WT when grown at lower light intensities ([@bib24]). These antioxidants and enzymes are important for scavenging radicals that result from PSII overexcitation and potentially cause photo-oxidation of PSII proteins such as D1 ([@bib37]). Again, these scavenging systems may have been up-regulated in the plants that were grown at higher light intensities.
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